Diverse gram-negative bacteria deliver effector proteins into the cells of their eukaryotic hosts using the type III secretion system. Collectively, these type III effector proteins function to optimize the host cell environment for bacterial growth. Type III effector proteins are essential for the virulence of Pseudomonas syringae, Xanthomonas spp., Ralstonia solanacearum and Erwinia species. Type III secretion systems are also found in nonpathogenic pseudomonads and in species of symbiotic nitrogen-fixing Rhizobium. We discuss the functions of type III effector proteins of plant-associated bacteria, with an emphasis on pathogens. Plant pathogens tend to carry diverse collections of type III effectors that likely share overlapping functions. Several effectors inhibit host defense responses. The eukaryotic host targets of only a few type III effector proteins are currently known. We also discuss possible mechanisms for diversification of the suite of type III effector proteins carried by a given bacterial strain. 
INTRODUCTION
Gram-negative bacterial pathogens use type III secretion systems (TTSS) to deliver type III effector proteins into their eukaryotic host cells. Collectively, these proteins manipulate host cells to optimize the inter-or intracellular environment for pathogen growth and dissemination while subverting host defense responses. Intracellular pathogens of mammals, such as Salmonella, Shigella, and Chlamydia, use type III effectors to enhance or inhibit their phagocytosis by various differentiated host cells and to alter intracellular survival pathways. Individual type III proteins have specific function(s) and act on specific targets to redirect host cell functions (90). For example, the Salmonella type III effector SopE acts as a guanine nucleotide exchange factor (GEF) that activates the small GTP binding proteins Cdc42 and Rac1, which in turn regulate actin polymerization and cytoskeleton remodeling (54). As a result, normally nonphagocytic cells engulf invading bacteria into vacuoles in which the bacteria propagate. By contrast, the Yersinia type III effector YopT is a cysteine protease that cleaves isoprenyl groups from Rho GTPases, releasing them from their normal plasma membrane location (119). This prevents macrophagemediated phagocytosis of Yersinia that normally clears them from the blood (114). In contrast to these well-documented examples, the functions of most type III effector proteins from plant pathogenic bacteria are not as well characterized. Accumulating evidence suggests that each pathogen strain introduces a collection of type III effectors into host cells to disable host defenses, facilitating pathogen survival and dissemination.
The TTSS is structurally similar to the basal body of the flagellum but has additional components that facilitate host cell contact. The type III pilus spans the bacterial envelope, forms a conduit between the bacteria and the host membrane, and generates a pore to facilitate translocation of type III effector proteins into the host cell. Specialized chaperone proteins often guide incompletely folded type III effector proteins to the cytoplasmic face of the apparatus for ATP-dependent unwinding and entry into the TTSS (3) . The regulation of expression, structure, assembly, and trafficking of the TTSS from plant and animal pathogens has been recently reviewed (58) and is not detailed here.
In addition to type III effectors, type III helper proteins needed for proper assembly of the pilus are secreted via the TTSS. Plant pathogens must penetrate the polysacchariderich host cell wall before the TTSS can contact the plasma membrane. They secrete helper proteins and harpins (5) into the extracellular milieu. Harpins can induce cell death if applied as purified proteins to host cells. They can form beta-barrel pores in the host membranes in vitro (77, 104) and are potentially involved in promoting access of the type III effectors to the host cytoplasm. Other secreted, but apparently not translocated, proteins include the Pseudomonas syringae proteins HrpW, HopAK1 (formerly HopPmaH), and HopAJ1 (HopPmaG) (27) . We use the "unified nomenclature" here (80), with old names, when common, in parentheses. Among these, HrpW and HopAK1 have pectate lyase domains. HrpW also has an additional domain that can independently trigger host cell death in tobacco (28) and HopAJ1 has homology to transglycosylases (53). Hence, this set of helper proteins may have the capacity to locally degrade host cell walls at the tip of the extruding type III pilus, potentially facilitating access to the plasma membrane.
The genes for the TTSS, along with harpins, accessory helper proteins, and specific transcriptional regulatory proteins, are encoded in a cluster of linked operons with the marks of pathogenicity islands, including flanking tRNA genes and unique G+C content (26). Genes for some translocated type III effectors flank the TTSS gene cluster in P. syringae and other plant pathogens (4) . However, plant pathogen type III effector genes are also scattered throughout the chromosome and on plasmids (7, 27, 61, 113) , often flanked by genes encoding their chaperone proteins. Like the TTSS genes, the type III effector genes bear marks of pathogenicity islands and tend to be located in unrelated chromosome positions in different isolates (27, 70).
Delivery of type III effectors into the host cell is essential for the successful life histories of many gram-negative plantassociated bacteria. Figure 1 presents a stylized plant associated with several plant pathogenic and symbiotic bacteria. P. syringae grows as an epiphyte on leaf surfaces (Figure 1a ) (15) . When these bacteria gain entry via wounds or stomata, they colonize the intercellular space (the apoplast) and cause leaf speck disease (Figure 1b) . Unlike several enteric pathogens, plant pathogens do not appear to penetrate vascular tissue. Infection of leaf apoplasts leads to a variety of symptoms, ranging from galls to leaf spots (91). Xanthomonas campestris pathovar (pv.) vesicatoria also inhabits leaf apoplasts and causes a leaf spotting disease that superficially resembles P. syringae (not shown). Erwinia species cause fire blight or soft rot disease (98, 125). Soft rot Erwinia secrete plant cell wall-degrading enzymes via the type II secretion system and colonize the macerated tissue tissue, causing a wilt disease (49) (Figure 1d ). Some strains of biocontrol pseudomonads (Pseudomonas fluorescens and Pseudomonas putida) that associate with roots protecting plants against fungi and other bacteria also have TTSS genes (103) (Figure 1e ). The same is true for some Rhizobium species that infect legumes through root hairs (Figure1f ). Inside the root, rhizobia establish root nodules where they fix atmospheric nitrogen into ammonia, which can be used as a nitrogen source by the plant (128). Because of their drastically different lifestyles, the nearly ubiquitous presence of TTSS and type III effectors in these species indicates that plant-associated microbes modulate a common mechanism, the host defense response.
The occurrence of TTSS in nonpathogenic pseudomonads and even in species of symbiotic nitrogen-fixing Rhizobium is at first glance odd, because we typically associate TTSS with pathogens. A TTSS is found in at least some strains of biocontrol pseudomonads (103, 108), but its necessity for association with plant roots is questionable. Mutations that inactivate the TTSS of P. fluorescens strains SBW25 (103) or KD (107) do not interfere with normal root colonization. Other P. fluorescens strains that lack a TTSS are nonetheless successful root colonizers (101). A more intriguing role for TTSS in biocontrol pseudomonads was recently suggested by Rezzonico et al. (107) , who proposed that biocontrol pseudomonads may actually target plant pathogens using a TTSS. P. fluorescens KD carrying a polar mutation in the TTSS-encoding gene cluster was less capable in protecting cucumber from Pythium ultimum, a fungus that causes damping-off disease.
In rhizobia, type III effectors that affect host range (87) and bacterial growth in some broad-host-range strains have been identified (9, 13, 120). As with biocontrol pseudomonads, though, many Rhizobium strains apparently lack a TTSS but still are able to infect roots, form nodules, and fix nitrogen (86). Type III effector proteins in rhizobia are expressed early in the root hair infection process (73, 128). Potentially, the initial stages of the molecular dialogue of host and bacteria require the latter to suppress host defense until it establishes itself in an "immune privileged" site such as a rhizobial bacteroid.
Diverse plant disease resistance mechanisms can be blocked by type III effector proteins, but type III effector proteins can also trigger the plant immune system. Plant defense mechanisms are based on three general levels of interdiction. The first is structural; most pathogens simply cannot begin their lifestyle on a particular plant surface. The second is guided by the plant's ability to recognize microbial molecular "patterns." These are collectively called pathogenassociated molecular patterns (PAMPs) or, more accurately, microbe-associated molecular patterns (MAMPs) (10). Recognition of these molecules, via specific receptors, induces a large host transcriptional reprogramming that consequently results in biosynthesis of structural barriers and antimicrobials. This response, by definition, is sufficient to stop the growth of nonpathogenic microbes; it is termed the basal defense response (30, 38, 97, 140). Pathogens, by definition, have evolved means to overcome basal defense. This can be deduced from the finding that type III pilus mutants, which no longer grow in planta, actually trigger a more rapid and higher amplitude basal defense response on disease-susceptible hosts compared with wild-type controls (62). Hence, bacterial pathogens use at least part of their type III effector protein collections as virulence factors to dampen or inhibit the plant's basal defense machinery.
However, the type III effectors that allow bacteria to be plant pathogens are a doubleedged sword, as plants have evolved a specific branch of their immune system to recognize type III effector action inside the host (30, 38). In fact, plant pathogen type III effector proteins were identified on the basis of their ability to elicit a particular form of host programmed cell death (PCD), called the hypersensitive response (HR), onto otherwise virulent pathogen strains. HR is determined by the activation of specific host proteins encoded by disease resistance genes. That type III effector proteins triggered HR was also demonstrated, in essence, by Lindgren et al. (81) , who showed that the TTSS is essential for initiation of HR on disease-resistant hosts as well as for pathogenicity on diseasesusceptible hosts (34).
The majority of plant-specific disease resistance proteins share the structural properties of a nucleotide binding site followed by a variable number of leucine-rich repeats (LRRs). As a class, they are called nucleotide binding (NB)-LRR proteins (30, 38). The Arabidopsis genome encodes ∼125 different NB-LRR proteins. Functional NB-LRR proteins recognize the presence of a specific bacterial type III effector protein during infection. Because plants are polymorphic for NB-LRR genes and pathogens are polymorphic for the type III effector genes that trigger their action, the interaction between bacterial avirulence (Avr) genes and plant R genes was called gene-for-gene resistance. While a receptor-ligand model easily explains this aspect of plant immune system genetics, there is little evidence to support it as a generality. By contrast, there is increasing evidence to suggest that the action of type III effector proteins indirectly activates the corresponding NB-LRR protein (38, 127). Examples of this model are detailed below.
Sequencing of complete bacterial genomes, coupled with a variety of effective genetic screens (27, 37, 53, 112, 116), has led to the identification of large numbers of type III effectors in plant pathogens. These screens have been covered in several excellent recent reviews (5, 91, 96 The collection of type III effector proteins encoded by different species, or even in different strains within a species, is diverse. Because they are virulence factors, different type III effector proteins may be needed to facilitate distinct infection strategies or to manipulate plant-host-specific targets. Alternatively, at least part of the type III effector diversity may be caused by the need to avoid the plant immune system, as represented by the NB-LRR proteins described above. The successful recognition of a type III effector's action by the corresponding NB-LRR protein has strong negative selective consequences across the microbial population. Hence, it is reasonable to suggest that type III effector diversity and distribution results from a balance between a requirement for multiple type III effector virulence functions to establish a successful infection on a given host species and the need to avoid the devastating consequences that arise if a single type III effector activates a NB-LRR protein in that host.
FUNCTIONS OF TYPE III EFFECTORS IN VIRULENCE

Subterfuge: Type III Secretion Systems Deliver Proteins into Host Cells that Interfere with Defense Responses
A functional TTSS is essential for P. syringae, R. solanacearum, Xanthomonas campestris pv. vesicatoria, and Erwinia amylovora to grow in plants (6, 14, 20, 81 (56, 130) . This suggests that a given pathogen strain expresses functionally overlapping type III effectors that are not homologous, and hence likely represents convergent evolution driven by the need to manipulate a particular host target molecule. Alternatively, a given type III effector may simply not be functional on a given host plant and its gene may be maintained in the strain simply because it is evolutionarily neutral; that gene may still be of potential use on a different host sometime in the strain's future. Type III gene distribution may lead to a rephrasing of the old credo "that which does not kill you will make you stronger."
The lack of easily scored loss-of-function phenotypes for most type III effector mutants has made it difficult to assess their functions in disease. Recent studies have focused on specific aspects of defense to investigate the function of type III effector proteins. These results are summarized in (2) . Because it interferes with cell death initiated by several different stimuli, HopAB2 is thought to affect a late stage of the cell death pathway. However HopAB2 cannot block HR induced by all disease resistance proteins, and this activity requires its overexpression. For example, P. syringae that expresses HopAB2 is recognized by the tomato resistance protein Pto, via the corresponding type III effector protein AvrPto, to induce a HR and an effective defense response.
The P. syringae type III effector HopF2 (AvrPphF) can inhibit cell death stimulated in bean cultivars by disease resistance proteins that are activated by other type III effector proteins from the same pathogen. In turn, AvrB2 (AvrPphC) inhibits cell death that is normally activated by HopF2 in bean cultivars that carry the appropriate disease resistance protein (126). Both AvrB2 and HopF2 may inhibit a late component of the cell death response, similar to the HopAB family members. Alternatively, they may interfere with activation of the specific disease resistance protein by the other type III effector. Such interference was initially described because P. syringae AvrRpm1 blocks HR elicited by AvrRpt2 and, when using different expression conditions, vice versa (106, 110). This occurs because both type III effectors interact with a common target called RIN4 (69 allow nonhost P. syringae strains to grow on Arabidopsis, and overexpression of NHO1 enhances resistance to virulent Pto DC3000. Transgenic Arabidopsis plants expressing a NHO1-luciferase fusion protein were used to monitor the effects of individual type III effector proteins on flg22-induced NHO1 expression. They transfected protoplasts with 19 type III effectors from Pto DC3000 under the control of the strong constitutive 35S viral promoter, exposed the protoplasts to flg22 peptide, and monitored the induction of luciferase. The nine type III effectors listed in Table 1 can block flg22-dependent activation of the NHO1 promoter (78).
Manipulation: Type III Effectors Target Host Proteins and Modify their Normal Cellular Function
The enzyme function of a small number of type III effectors has been predicted from homology to known proteins. protein family as YopJ, there is no evidence that they affect MAPK signaling in plants. XopD is a highly diverged, c48 family ubiquitin-like SUMO protease, and its activity in plant substrates has also been demonstrated in vitro (59). HopAB family members (Tables 1 and 2) share at least an N-terminal homology of unknown function. The related HopAB1 and HopAB2 subfamilies (exemplified by VirPphA and AvrPtoB, respectively) also share related C-terminal domains. The C terminus of HopAB2 encodes a functional U-box E3 ubiquitin ligase (64). This domain is necessary and sufficient for the cell death inhibition function detailed below. Oddly, some HopAB3 subfamily members, such as P. syringae HopPmaL and HopPmaN, contain truncated C termini that lack the E3 ligase domain (79). The function of these truncated family members is unclear. These comparative analyses suggest that bacterial pathogens have genetic mechanisms to mix and match domains that might provide selective broadening of the host target range while conserving a basic function. One can imagine that the HopAB family shares an Nterminal domain to grab a particular host protein(s), and these targets, once bound, might be subjected to different fates depending on the C-terminal domain present in the particular HopAB subfamily in question.
The AvrBs3/PthA family of type III effector proteins is widely distributed in Xanthomonas species (26, 67, 136, 139 RPS2 is also associated with the plasma membrane and is activated by AvrRpt2. AvrRpt2 is a staphopain-class cysteine protease (12) ( Table 2 ). Like RPM1, RPS2 can ( Protoplasts from transgenic Arabidopsis carrying a FRK1 promoter-luciferase fusion were transfected with type III effector genes expressed from a constitutive promoter, and the flg22-dependent induction of luciferase expression was monitored. Of 11 type III effectors tested, only AvrPto and HopAB2 blocked FRK1 expression at a step before the initiation of a MAPK cascade (57). AvrPto and HopAB also blocked basal defense activation by other PAMPS (57). One prediction from these results is that AvrPto and HopAB2 interact with an Arabidopsis Pto ortholog to dampen early activation steps in PAMP recognition. 
Distribution of Type III Effectors
org/).
Each type III effector protein sequence was used as a query for a BLASTp search against the genomes of nine fully sequenced plant pathogen genomes (three pathovars of P. syringae, R. solanacearum GMI1000, two xanthomonads, and three species of Erwinia), four soil microbes (three strains of P. fluorescens and P. putida KT2440), seven mammal pathogens (Escherichia coli 0157:H7, two strains each of Yersinia pestis, Salmonella enterica, and Shigella flexneri), and four symbiotic rhizobia (Sinorhizobium meliloti, Rhizobium leguminosarum, Mezorhizobium loti, and Bradyrhizobium japonicum), as well as the symbiotic megaplasmid sequence from Rhizobium spp. NGR234. BLASTp was performed with an e-value of 10 −10 . We also included the harpins described above and the ATPase domain of the Yersinia TTSS apparatus, YscN, which acts as a positive control for the TTSS in these strains. Figure 3 presents the results of this survey, focused on the distribution of the type III effector families present in P. syringae (27, 80). The results are clustered by bacterial strain. Here, the strains or species with the most similar type III effector protein collections are closest together (right). The phylogeny of these genomes, based solely on the limited number of type III effector protein families displayed here, does not match the Distribution of effector protein sequences throughout bacterial genomes. BLASTp results are arranged by protein family (see supplemental Figure S1 ) along the top. The results are clustered by the similarity of type III effector protein collections in each bacterial species surveyed. The clusters were created using Cluster 3.0 (http://bonsai.ims.u-tokyo.ac.jp/∼mdehoon/software/cluster/) based on data by Eisen et al. (44), using a value of 1 for "presence" (red) and 0 for "absence" (black), and visualized using JavaTreeView (http://jtreeview.sourceforge.net/). Asterisk indicates that at least one member of this protein family was not able to be translocated as assayed by delivery of a truncated AvrRpt2 fusion (27).
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phylogeny created by MLST analysis using housekeeping protein sequences from AcnA, GltA, GapA, and GyrB protein sequences (46) (data not shown). This strongly suggests that the type III effector suite in any strain is likely to be strongly influenced by horizontal transfer. It is also evident from Figure 3 that some type III effector proteins co-occur often. For example, members of the HopI1, HopAN1, and HopL1 families are widely codistributed among both plant and animal pathogens as well as in soil microbes. They are found even in strains of P. fluorescens that lack TTSS (Pf-0 and Pf-5) (101). Why are these proteins encoded in strains that lack a TTSS? One possibility is that they are ancient genes whose products can, or did, become substrates for the TTSS in some strains. On the other hand, these genes could be evolutionary remnants in genomes that have lost the TTSS-encoding locus. The functions of HopI1 and HopL1 are unknown. HopAN1 family members have a pectate lyase domain (19, 80). HopL1 is secreted, and conflicting evidence suggests that it may be a conserved helper protein (27, 35, 53) (see http://www.pseudomonassyringae.org/). The suite of type III effectors is unique to each genome analyzed. The type III effector protein suites from the three sequenced strains of P. syringae are closely related, and few of these families are found beyond the pseudomonads. To date, 10 type III effector protein families are limited to P. syringae, 4 are only in Xanthomonas spp., and 5 are only in Yersinia (Figure 3;  Figure S1 , follow the Supplemental Material link from the Annual Reviews home page at http://www.annualreviews.org/). Among the 42 remaining families with more than one member, there is some evidence of assortment between strains, as well as genetic exchange between species (e.g., popC). PopC protein family members are cytoplasmic LRR proteins. Because both plant and animal defense mechanisms involve NB-LRR proteins and other proteins with LRRs (38), PopC proteins may block host defense in diverse hosts.
It is possible that a conserved core set of type III effector proteins is required by all P. syringae strains to foster that species' lifestyle on evolutionarily diverse host plants. Their broad distribution among P. syringae strains suggests that type III effector proteins have not yet managed to attract the evolutionary attention of the plant's specific immune system. In principle, this could imply that they do not perturb a host protein and are gratuitously delivered to the host. Yet, the wide distribution and significant virulence function for at least some of this class (e.g., the HopM family) argue against this proposition. There is also a set of type III effector proteins that are less well distributed among these three P. syringae strains. These might be candidates for overlapping functions; more sequence comparisons and high-level association studies across strains are required to evaluate this proposal.
Some P. syringae type III effector protein families are also represented in the genomes of Ralstonia, Xanthomonas, and Erwinia, but each species also has a collection of type III effector families unique to that species ( Figure S1 ). This pattern suggests that the majority of the type III effector genes evolved after the divergence of plant pathogenic bacteria and perhaps that type III effector genes are rarely exchanged between species by horizontal transmission.
Although our analyses group proteins by overall homology, type III effectors that share enzymatic active sites, such as YopT family members in P. syringae and Yersinia, are not sufficiently related over their total lengths to be identified as homologs in our search. Thus, while this analysis is useful for analyzing distribution of related type III effectors, it is not necessarily able to discriminate between proteins that have similar functions at potentially different cellular targets. This caveat begs the development of high-throughput informatics-based pipelines to annotate possible functional We predict that a collection of type III effectors with overlapping function allows a pathogen population to "lose" one or two effectors, in the face of pressure from the host immune function, without necessarily losing virulence. This loss has been observed in the presence or absence of a particular type III effector virulence gene even within multiple strains of closely related P. syringae pathovars (109). Plant breeders adding new specific disease resistance genes to plant varieties often find that virulent "races" of pathogen emerge which have lost, or accrued mutations in, the particular type III effector gene whose product triggered the now-defeated specific disease resistance gene (36).
This pathogen evolution step was recently observed by following the emergence of virulent derivative strains from an avirulent strain of P. syringae pv. phaseolicola that encodes the type III effector protein HopAR1 (102). After infection of beans that carry the corresponding disease resistance gene, virulent derivatives that had deleted a large genomic pathogenicity island carrying hopAR1 were recovered. With this kind of strategy, pathogens might run short of virulence factors at some point. New type III effector genes can be acquired by horizontal transmission, reactivation of pseudogenes by excision of a transposable element, or by recombination or transposition-based placement of a type IIIregulated promoter upstream of a "hibernating" type III effector gene. The prevalence of type III effector genes in pathogenicity islands or on plasmids (7, 60 ) and the nonconserved location of type III effectors in different genomes of P. syringae (27) indicate that horizontal transmission is active in plant pathogens.
SUMMARY POINTS
1. Type III effector proteins are essential for the successful life histories of many gramnegative bacteria.
2. Diverse plant disease resistance mechanisms can be blocked by type III effector proteins, but they can also trigger the plant immune system. 
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